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ABSTRACT
Seismic waves can trigger earthquakes and tremor at large distances from the
causable event. Dynamic triggering occurs when the surface waves from large earthquakes
change the stresses conditions on previously overstressed faults, promoting failure. To
understand the causative stresses and environments behind dynamic triggering, we model the
change in the stress field that the passing of Rayleigh and Love waves cause on a fault plane
of arbitrary orientation relative to the direction of propagation of the waves, and apply a
Coulomb failure criterion to calculate the potential of these stress changes to trigger
seismicity. We apply our model to three different study regions and compare with
observations. In the first case, we compare our model results with data from dynamically
triggered earthquakes in the Australian Bowen Basin, Our data analysis shows that for this
region, surface waves arriving at 45 degrees from the average local stress field are the most
likely to trigger local seismicity. This agrees with our observations. In the second study case,
we show how the same model can be applied to dynamic triggering of Non-volcanic tremor
(NVT). Our modeling predicts the potential of a seismic wave to trigger slip on a fault plane
promoting NVT. We search for tremor in the Central Range in Taiwan triggered by surfaces
waves and compare the observations with our modeling. In the last study case, we present
our modeling of the dynamic stress that triggered two events in Utah, one triggered by the
1992 Landers earthquake and the other by the 2002 Denali Fault earthquake. We show how
dynamic stress modeling can be used to discriminate between the two axial planes of a first
motion focal mechanism of a dynamically triggered event.
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CHAPTER 1
INTRODUCTION
Recent studies have shown that seismic waves can remotely trigger seismicity thousands
of kilometers from an epicenter. This process is called dynamic. This dissertation focus on the
modeling of the dynamic stress caused by the passing of the surface waves from large
earthquakes and their potentials to trigger seismicity base on the characteristics of the waves, the
position and orientation of the triggered fault plane and the elastic properties of the media.
Dynamic triggering has been clearly documented for several large earthquakes including
the 1992 Landers (Mw = 7.3) (Hill et al., 1993; Anderson et al., 1994;), the 2002 Denali Fault
(Mw = 7.9) (Eberhart-Phillips et al., 2003; Gomberg et al., 2004; Husen and Wiemer, 2004;
Pankow et al, 2004; Prejean et al., 2004), and the 2004 Sumatra (Mw = 9.15) (West et al., 2005;
Velasco et al., 2008) earthquakes. Many studies on dynamic triggering seismicity focus on the
triggering of small earthquakes on previously overstressed faults (e.g., Velasco et al., 2008).
Recent studies have also demonstrate that non-volcanic tremor (NVT) can be triggered by
seismic waves as well (Obara, 2002; Nadeau and Dolec et al., 2005; Miyazawa and Mori, 2006;
Rubinstein et al., 2007; Gomberg et al., 2004; Miyazawa and Brosky 2008; Peng et al., 2008;
Peng and Chao, 2008). NVT is usually observed in subduction zone and transform-fault
environments away from volcanic regions. We apply our modeling to the triggering of
earthquakes and NVT, and compare our model result with observations.
Dynamic triggering may occur when surface waves passing through a previously
overstressed fault plane change the fault local stress in a suitable manner. Our modeling allows
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for the calculation of the dynamic contributions to the shear and normal stresses on a fault plane
of arbitrary orientation. In Chapter 2 we develop the modeling and show and compare it with
observations from triggered seismicity in the Australian Bowen region. We found that for this
region, seismicity is more likely to be triggered by Love waves arriving at 45º from the average
local compressive stress orientation. Observed events similar to those predicted by the modeled
potentials demonstrate that our model suitably represents the stress caused by the passing of the
surface waves and that dynamic triggering seismicity can be explained on Coulomb stress basis.
In Chapter 3, we show that dynamic triggering of NVT can be modeled based on the
same Coulomb frictional approach. We identified three large events besides the 2001 Kunlun
earthquakes that have had triggered NVT beneath the CR in Taiwan: The 2003 Hokkaido, the
2004 Sumatra, and the 2005 Sumatra earthquakes. We modeled the stress caused by the surface
waves from ten large earthquakes to investigate the stress conditions required to trigger NVT in
this region. For the Kunlun earthquake, our modeling shows that the orientation and magnitude
of the incoming Love wave contributes to increasing the fault plane local shear stress. In the
cases of the Hokkaido and Sumatra earthquakes, the orientation and magnitude of the incoming
Rayleigh waves contribute to the shear local stress. In general, NVT correlates with peaks in our
modeled triggering potential.
In Chapter 4 we analyzed the dynamic stress caused by the passing of the surfaces waves
from two large events, the 1992 Landers earthquake and the 2002 DFE that triggered seismicity
in Utah. We modeled the stress that triggered two of the largest dynamically triggered events in
this region, both of which show a well-constrained normal fault mechanism. We showed how
dynamic stress modeling can be used to discriminate between the axial planes of a first motion
focal mechanism of a dynamically triggered event.

2

The modeling of dynamic stress triggering constitutes an important tool for
understanding the stress conditions under which earthquakes occur. The study of the local static–
dynamic stress interaction will lead to a better understanding of the fault cycle, and at some
point, dynamic triggering events could be used as a regional local stress indicator.
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CHAPTER 2
DYNAMIC TRIGGERING: STRESS MODELING AND A CASE STUDY
2.1 ABSTRACT
Changes in the static stress can trigger nearby earthquakes that occur within a few fault
lengths from the causative event. Transient stresses caused by passage of surface waves
commonly trigger events at remote distances, yet little is documented or understood about the
processes and stresses necessary for remote triggering. To understand the causative stresses and
environments behind remote, or dynamic, triggering, we must decipher the stresses caused by the
passage of the surface waves in relation to the local stress field and fault conditions where the
triggered events occur. In this study, we model the change in the stress field that the passing of
Rayleigh and Love waves cause on a fault plane of arbitrary orientation relative to the direction
of propagation of the waves, and apply a Coulomb failure criterion to calculate the potential of
these stress changes to trigger reverse, normal or strike-slip failure. We compare these model
results with data from dynamically triggered earthquakes in the Australian Bowen Basin, an area
with low seismicity, mapped regional stress, and at the margin of a stable continental craton.
Our data analysis shows that for this region, surface waves arriving at 45 degrees from the
average local stress field are the most likely to trigger local seismicity. This agrees with our
observations.

2.2 INTRODUCTION
Although our understanding of earthquakes and faulting has grown tremendously since
the development of Elastic Rebound Theory (Reid, 1910), many questions remain about the
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fundamental physics behind earthquake rupture. Some questions stem from a growing body of
works that shows that the passage of transient signals, such as seismic waves, can remotely
trigger earthquakes thousands of kilometers from an epicenter. This process is called dynamic
triggering. Generally, dynamic triggering results from the passage of surface waves, which are
classified by two distinct types: Rayleigh and Love. Rayleigh waves exhibit shearing and
compressional, dilatational, and shear particle motion. Love waves only induce shearing.
Triggering by either type of surface waves implies fundamentally different physical mechanisms.
The first accepted case that dynamic triggering occurred was documented for the 1992 Landers
(Mw = 7.3) event (Hill et al., 1993; Anderson et al., 1994). Dynamic triggering has subsequently
been shown to have occurred for the 2002 Denali event (Mw = 7.9) (Eberhart-Phillips et al.,
2003; Gomberg et al., 2004; Husen and Smith, 2004; Pankow et al., 2004; Prejean et al, 2004),
and the 2004 Sumatra event (Mw = 9.15) (West et al., 2005; Velasco et al., 2008) earthquakes.
Velasco et al. (2008) studied 15 large events and showed that 12 of them had some evidence of
dynamic triggering and their occurrence was virtually independent of tectonic province.
Mechanisms for dynamic triggering fall into two broad categories (Hill, 2008; Prejean et
al., 2007): (1) Models related to the excitation of crustal fluids or aseismic creep or (2) frictional
models described by Coulomb failure. Most of the studies focusing on the physical processes of
dynamic triggering are associated with geothermal activity, such as the movement of magmatic
fluids, magmatic intrusions, or bubble excitation (Hill et al., 1993; Linde et al., 1998). Other
examples of proposed mechanisms include subcritical crack growth that is accelerated by seismic
waves (Brodsky et al., 2000), pore fluid flow along with Coulomb stress changes (e.g., Bosl and
Nur, 2002), and unclogging of fractures (Brodsky et al., 2003). A similar mechanism is that fluid
flow acts as a low pass filter for seismic waves (Brodsky and Prejean, 2005). This mechanism
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predicts that long period waves lead to high-pressure oscillations. Alternatively, rate-and-state
friction has been proposed to cause dynamic triggering of earthquakes (e.g. Dieterich et al.,
1994; Gomberg et al., 2001; Perfettini et al, 2003). Perfettini et al. (2003), used a 2-D quasidynamic model of a strike-slip fault, governed by a rate-and-state friction law, to show that
dynamic triggering is limited to understressed areas, that is, areas of high pore pressure or faults
near failure. Brodsky and Prejean et al. (2005) found similar results by analyzing triggered
earthquakes predicted by the rate- and state-model. Parsons (2005) showed that in the presence
of rate- and state-friction, if the passing seismic waves ‘damage’ the fault contacts, dynamic
triggering could explain both delayed earthquakes and the Omori-like decay of triggered
earthquakes. Hill et al. (2008) developed a Coulomb failure model based on a frictional strength
threshold using Mohr’s Circle, yet the model cannot fully explain the dominance of documented
Rayleigh wave triggering. Although fluids appear in many dynamic triggering explanations,
West et al. (2005) demonstrated that at Mt. Wrangell, Alaska, the fluid effect is a secondary
factor. Dynamic triggering at Mt. Wrangell was primarily attributed to changes in horizontal
normal stresses. This is similar to the mechanisms proposed by Brune et al. (1993) and Anderson
et al. (1994) who suggested that triggered earthquakes are caused by unclamping of faults that
are in a preferred orientation relative to the passing seismic waves. The multitude of explanations
for dynamic triggering suggests that this process is poorly understood and severely lacking in
extensive study and modeling.
In this paper, we build upon the results of Hill et al. (2008) who presented an analysis of
the dynamic stresses associated with fundamental-mode Love and Rayleigh waves and their
potentials to trigger frictional failure on critically stressed faults. However, Hill et al.’s (2008)
study is limited to faults of specific orientations. In this article, we present a method for
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modeling triggering potentials, but for an arbitrary fault plane orientation relative to the direction
of the triggering wave propagation. In addition, we analyze the likelihood of the faults to be
triggered by the different parts of a wave cycle over time. We present an example of
dynamically triggered seismicity in the Australian Bowen Basin, an area with mapped regional
stress, low seismicity, and at the margin of a stable continental craton. Our results show that
Love waves arriving at 45º from the principal stress axis of faults present in this region are the
most likely to trigger local seismicity which supports the idea that passing seismic waves
unclamp faults.

2.3 COULOMB STRESS FAILURE CRITERIA
Dynamic triggering may occur when surface waves pass through a previously
overstressed fault plane and change the fault local stress in a suitable manner. If τ and σ n
represent the changes caused by the passing of the triggering seismic waves on the fault plane’s
shear and normal stresses, respectively, according to the Coulomb Failure Criteria, the fault will
be brought closer to failure if the change in the Coulomb Failure Function δCFF defined as:

δCFF = τ + µσ n

(2.1)

. where µ is the coefficient of friction. If δCFF is positive, or it will be moved away from failure
if δCFF is negative. To calculate the components of the dynamic stress tensor that correspond
to the shear and normal directions of a fault plane of arbitrary orientation as a function of depth
and time, we calculate the dynamic stress tensor T 0 ( D, t ) for surface waves, as function of depth
(D) and time (t), for a coordinate system with one component parallel to the direction of wave
propagation and the other in the depth direction (Figure 2.1). We rotate this tensor to a new
coordinate system with components parallel to the dip, strike, and normal directions of a fault
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plane of arbitrary orientation (α,θ), to obtain a new tensor T(D,t,α,θ). We then calculate
components of the fault plane’s shear and normal stresses for different faulting mechanisms
caused by the new tensor. We then apply the values of these stress components to equation (2.1)
to estimate a triggering potential indicator (P). This is discussed and developed below in detail.

2.4 DYNAMIC STRESSES ON AN ARBITRARY FAULT PLANE
We use the technique of West et al. (2005) to model the stress change caused by the
passing of Rayleigh waves. We extend this modeling to include the components of the dynamic
stress tensor T 0 ( D, t ) related to the displacement of both the Rayleigh and Love waves as a
function of time and depth. For a coordinate system xi where i = 1, 2, 3, the Rayleigh waves’
related particle displacement for a Poisson half space in the radial U 1 and vertical U 3 directions
for a wave propagating in the x1 direction is defined by (Stein and Wyssession, 2003):

U 1 = AK 1 sin( wt − κ 1 x1 )[exp(Bκ 1 x3 ) − C exp( Dκ 1 x3 )]

(2.2)

U 3 = AK 1 cos( wt − κ 1 x1 )[ B exp( Bκ 1 x3 ) + E exp( Dκ 1 x3 )]

(2.3)

where A is amplitude, ω is the angular frequency, κ1 is horizontal wave number, and x3 is depth.
Coefficients B = -0.85, C = 0.58, D = -0.39, and E = 1.47 are constants. Rayleigh waves do not
cause motion in the U 2 direction. The strains ε ij induced by the motion are given by:

ε ij = ε ji =

1
(U i , j + U j ,i )
2

(2.4)

where U i , j represents the first derivative of the displacement in the i direction relative to the j
direction.
In general, the components of the stress tensor are defined by:
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σ i , j = cijkl ε kl

(2.5)

where cijkl accounts for the elastic properties of the media.
The transient stresses σ ij , assuming a Poisson solid (µ = λ), are defined by:

σ 11 = λ (ε 11 + ε 33 ) + 2µε 11 = λ (3ε 11 + ε 33 )

(2.6)

σ 33 = λ (ε 11 + ε 11 ) + 2µε 33 = λ (ε 11 + 3ε 33 )

(2.7)

σ 13 = σ 31 = 2λε 13

(2.8)

where normal stresses are negative for compression and positive for dilatation.
To model Love waves we consider the displacement in the transverse direction, U 2 ,
within a layer over a half space (e.g. Stein and Wyssession et al., 2003), such that
U 2 = A exp(i ( wt − κ 1 x1 )) cos( K 1 rβ x3 )

(2.9)

where A is the amplitude and κ1 is the transverse displacement component’s wave number and
1

 c12
2
rβ =  2 − 1
 β1


(2.10)

where c1 is the surface wave’s apparent velocity and β1 is the shear velocity for the layer. The
related shear strains ε ij are calculated using equation (2.4). The shear stress components for
Love waves are:

σ 12 = σ 21 = 2 µε12

(2.11)

σ 23 = σ 32 = 2µε 23

(2.12)

Figure 2.2 shows the dynamic stresses as function of time and depth produced by a 20-s
period Rayleigh wave and a 20-s period Love wave. This kind of modeling allows us to
determine what components of the stress tensor play an important role in the triggering of a fault
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located at a given depth, and at a given moment in time. For normal stresses, the red color
represents dilatation and blue compression, whereas for shear stress the color defines the
direction of the shearing. The change over time of the directions and magnitudes of the stress
components occurs in phase with the ground displacement at the surface. Figure 2.2 also shows
how stress depends on depth. For example, at shallow depths, Rayleigh wave’s normal stresses
and Love waves horizontal shear stress mainly act on planes perpendicular to the direction of
wave propagation ( σ 11 and σ 21 reach a maximum at surfaces). However, at greater depths,
normal stress and lateral shearing is stronger on horizontal planes ( σ 33 and σ 23 increase with
depth). Also note that the shear stress caused by Rayleigh waves ( σ 13 ) increases with depth. This
dependency of the stress components on depth, in general, is a function of the frequency of the
waves.
Our next step is to model the effects of these stresses on fault planes of arbitrary
orientation. The components of the dynamic stress acting on a plane of arbitrary orientation can
be calculated by rotating the stress tensor T 0 ( D, t ) (Figure 2.1). By multiplying T 0 ( D, t ) by the
matrices of the Euler angles (Arfken, 1995), we can rotate to the fault plane orientation around
the angles (α, θ) relative to the direction of propagation, as defined in Figure 1, to obtain a new
matrix T(D,t,α,θ) corresponding to stresses on the rotated plane. We define δσ n (θ , α ) ,

δτ d (θ , α ) , and δτ s (θ , α ) as the components of T(D,t,α,θ) acting in the normal, dip, and strike
direction of the fault plane, respectively (Figure 2.1). Figure 2.3 shows the stress that the passing
of a Love wave similar to that of Figure 2.2 will cause on a plane of arbitrary orientation at a
depth of 5 km and time equal to 5 s. Note that even though the Love wave causes only shear
stresses on a coordinate system with one component in the direction of propagation and the other
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in the depth direction, Love waves will cause a change in the normal stress ( δσ n ) on a rotated
planes, reaching a maximum value for vertical planes (θ = 90 º) striking 45º (α = 45º) from the
direction of propagation. In this fashion, we can model the change in local stress that passing
surface waves will cause on a fault plane of arbitrary orientation. The next step is to calculate if
this change will promote faulting.

2.5 TRIGGERING POTENTIAL
We define the triggering potential P of a seismic wave as the change of the Coulomb
failure function (equation 2.1) that the passing of the seismic wave causes on a fault plane. The
definition of the potentials will depend on the kind of faulting mechanism that is been triggered.
Potential is positive if failure is encouraged and negative if discouraged. For example, δτ d
represents a change in the fault plane’s shear stress in the dip direction, where a positive value
represents a contribution in the reverse direction. Consequently, when defining the potential for a
reverse fault the shear stress in equation (2.1) will be represented by + δτ d whereas for a normal
fault, it will be − δτ d so that a negative value of δτ d , meaning a contribution in the normal
direction, will make P(Reverse) more negative and P(Normal) more positive. On the other hand,
a positive value of δσ n indicates that the fault is unclamped, encouraging failure. Hence, all
cases + δσ n will represent the change in the fault normal stress. In the same way, the potentials
of triggering strike-slip faults are defined below, where the change in shear stress will be in the
strike direction ( δτ s ).

P (Reverse) = δτ d + µδσ n
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(2.13)

P (Normal) = − δτ d + µδσ n

(2.14)

P (Strike-slip Left-lateral)= δτ s + µδσ n

(2.15)

P (Strike-slip Right-lateral)= − δτ s + µδσ n

(2.16)

In general these potentials are a function of time, depth, wave characteristics (frequency,
velocity and amplitude), and elastic properties of the media. We calculate the potential, P(D, t, α,
θ ) for surface waves as a function of time (t) to trigger failure on a normal, reverse or strike-slip

fault plane of arbitrary depth D, and orientation (α, θ) (Figure 2.1). Figure 2.4 shows an example
of the potentials using the values in Figure 2.3, corresponding to a Love wave when time equals
5 s (Figure 2.2). Under these conditions, the maximum value of P is reached for strike-slip rightlateral faulting, specifically, for vertical faults (θ = 90°) with a 70° angle (α) with the direction of
wave propagation, meaning that this type of fault motion is most likely to be triggered by this
specific wave.
This kind of analysis provides us with an important tool for understanding the stress
conditions under which failure occurs. By modeling stress changes associated with the Love and
Rayleigh we can understand why a particular wave is more likely to trigger a specific kind of
earthquake mechanism, and why triggering occurs at a specific moment in time. For example,
Figure 2.5 shows the potentials for four key points of the both a 20-s period Love and a 20-s
period Rayleigh waves: the negative- and positive-slope inflexion points, and for the maximum
and minimum displacements. With our modeling we can estimate the type of faulting mechanism
and/or fault orientation that is the most likely to be triggered by the Love or Rayleigh wave as a
function of time and depth. This modeling can also help us to identify what part of the wave is
responsible for triggering of a known fault (type and orientation) relative to the direction of wave
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propagation. To test our model, we focus on a region with documented dynamic triggering, a
regional with mapped local stress field, and that is not near a major tectonic boundary.

2.6 CASE STUDY: DYNAMIC TRIGGERING IN THE AUSTRALIAN BOWEN REGION
Velasco et al. (2008) showed the abundance of dynamic triggering that occurs with the
passage of surface waves from large earthquakes. They showed that dynamic triggering can
occur in areas that are not thought to be tectonically active, and they suggest that triggering is a
process independent of tectonic setting. To further investigate this result, we focus on an area
that showed dynamic triggering in their study, the Australian Bowen Region (Figure 2.6) an area
with relatively low seismicity (Leonard et al., 2008), located at the margin of a stable continental
craton. We analyzed seismograms from large, and we apply a high-pass filter to identify small
local earthquakes hidden in the broadband spectrum of surfaces waves (Figure 2.7). We used
stress data for this region (Hillis et al., 1998; Hillis et al., 1999) in order to compare observed
dynamic triggering to local stress field orientations, and in the process, test our modeling results.
Reverse faults are mainly present in the Bowen Basin (Hillis et al., 1999). We know the
faults have an average dip angle and of 70º and 340º, respectively. Assuming that triggering
occurred along some of these reverse faults, we can isolate from Figure 2.5 the potential
corresponding to reverse faulting and θ = 70º (Figure 2.8 and 2.9). Figures 2.8 and 2.9 shows the
potentials extracted from Figure 2.5 for the Rayleigh and Love waves, respectively, as a function
of incident angle α and time. We can see that for Rayleigh waves (Figure 2.8) maximum
potential is reached at the negative inflection point in the vertical displacement (first panel from
left to right), The maximum potential occurs for waves arriving perpendicularly to the strike of
the fault planes (α = 0º). The polar diagram shows the overall potential (for the whole wave
cycle) as function of α, once again showing that Rayleigh waves arriving perpendicular to the
13

strike of the fault planes are the most likely to trigger seismicity. Figure 2.9 shows that a
maximum potential of the Love waves occurs at the inflection points, where waves arrive at 45º
from the fault strike. Note that maximum potential for Love waves is almost double that for
Rayleigh waves, indicating that Love waves are the most likely to trigger seismicity in the
Bowen region. Figure 10 overlaps the Love and Rayleigh potentials and shows their relation with
the average local compressive stress for reverse faulting. Our model predicts that Love waves
arriving at 45º from the local compressive stress are the most likely to trigger seismicity in the
Bowen region (Figure 2.10).
To test our prediction (Figure 2.10), we performed a search for dynamically triggered
earthquakes recorded near the Bowen region. We looked for triggered local seismicity caused by
passing surfaces waves produced by large (Mw ≥7.0) earthquakes that occurred since 1992. We
obtained three component broadband seismograms from IRIS (Incorporated Research
Institutions in Seismology) for the CTAO.IU station (Figure 2.6) for 5 hours before and 5 hours
after the origin times of the large events. For this analysis, we manually identified small, local
events from the high pass filtered traces. Figure 2.7 shows an example of the identification of a
dynamic triggered event caused by the March 1998 Balleny Island earthquake. In our data set, 8
out of 35 large earthquakes clearly triggered seismicity near the CTAO station (Table 2.1).
Figure 2.11 shows a polar histogram of the distribution of the triggered events, where the
observed incident angles for these triggering events (Figure 2.11) highly correlate with the angle
predicted by our model (Figure 2.10). Four events arrived at α = 45±10º, three events arrived
close to α = - 45±12º, and one event α = 109º. Figure 2.12 shows the overlap of the angular
distribution of the observed triggering events with the predicted potentials, relative to the average
local stress for the reverse faults. These results demonstrate that stress from seismic surface
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waves can be modeled using Coloumb Failure criteria to estimate their potential to trigger
seismicity on fault planes of arbitrary orientation.

2.7 DISCUSSION
Our modeling allows for the calculation of the dynamic contributions to the shear and
normal stresses on a fault plane of arbitrary orientation caused by the passing of the surface
waves. Two aspects of the modeling become evident from our analysis: First, in concordance
with the Coulomb failure criteria, we can argue that dynamic triggering of seismicity depends on
both compressional/dilatational (normal stress) and shearing changes acting together in a suitable
manner, dilatation unclamping the fault and facilitating the slip driven by shearing stresses, an
interaction that is well represented by the triggering potentials. Second, in order to precisely
quantify the contribution of normal and shear stress caused by the seismic waves to the fault
local stress, the rotation of the dynamic stress tensor is essential. For example, Love waves are in
general related to changes in the shear stress with no contribution to the normal stress. However,
this only applies to the planes orthogonal to the vertical, transverse, and radial direction relative
to the wave propagation. Love waves can cause changes on a fault plane’s normal stress
depending on orientation as showed in Figure 2.3, which extends the work of Hill et al. (2008)
and gives us new insight into this failure process.
One difficulty in identifying the seismic phase responsible for triggering is that not all
triggered events appear at exactly at the same time as the triggering phase in the seismogram.
This may be due to the difference in path of the triggering and triggered waves to the station,
permanent damage done to a fault contacts changing the frictional properties of the fault and
accelerating failure (e.g., Parsons, 2005). If we know the type of faulting mechanism and the
orientation of the triggered fault plane, the triggering potential can be used to estimate what wave
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and what time section has the highest triggering potential for that specific fault, and therefore,
was the most likely to have triggered the failure. Triggering delay is usually explained on a rateand delay- frictional law basis (Parson, 2005). However, our modeling, along with a large
number of real observations, could help to estimate to what extent changes in the Coulomb stress
damage changes the frictional properties of the fault.
Even more challenging is to calculate determining the relatively small triggering dynamic
stresses to the much larger driving local stresses. To address this, more precise local stress
models and better and more complete dynamic stress models are required. In the case of the
Bowen region, we had a number of observations and we were able to compare them to the
modeled potential corresponding to a single wave of specific characteristics. In order to estimate
a local-dynamic stress, it is necessary to calculate a potential threshold for triggering, which will
require a more complete analysis considering the individual characteristics of the triggering and
non-triggering waves. Similarly, to calculate the angle α for the observations, all triggered fault
planes were considered to have a single orientation, the average faults’ dip and strike suggested
by (Hills et al., 1999). Alternatively, the horizontal mean stress orientation calculated by the
Australian Stress Project (Hills et al., 1998) might be used to represent the direction
perpendicular to normal faults strike; however, this does not give information on the dip of the
faults. Ideally, individual triggered faults would be located and their real orientation used for the
modeling. The introduction of this kind of parameter will be considered in future work.

2.8 CONCLUSION
Dynamic triggering may occur when surface waves passing through a previously
overstressed fault plane change the fault local stress in a suitable manner. Modeling the potential
that seismic waves have to trigger faulting at remote distance constitutes an important tool for
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the understanding of the dynamic triggering phenomena. Our modeling allows for the calculation
of the dynamic contributions to the shear and normal stresses on a fault plane of arbitrary
orientation.. These potentials might be used, for example, to estimate what kind of faulting is
more likely to be triggered by every part of a passing surface wave. Alternatively, the potentials
could constrain the kind of wave (and direction of propagation) that is most likely to trigger
faulting on a specific fault or fault region. As an example, we show that seismicity in the
Australian Bowen region is more likely to be triggered by Love waves arriving at 45º from the
average local compressive stress orientation. Observed events similar to those predicted by the
modeled potentials demonstrate that our model suitably represents the stress caused by the
passing of the surface waves and that dynamic triggering seismicity can be explained on
Coulomb stress basis. The study of the local static–dynamic stress interaction will lead to a better
understanding of the fault cycle, and at some point, dynamic triggering events could be used as a
regional local stress indicator.
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TABLES
Table 2.1. Events that triggered seismicity at station CTAO near Australian Bowen Region.

Date

Mw Angle α

Event

(degrees)
03/25/1998

Balleny Island

8.1

109

11/16/2000

New Ireland

8.0

307

06/23/2001

Peru

8.4

54

07/13/2005

Tarapaca, Chile

7.8

53

09/25/2005

Northern Peru

7.5

48

05/03/2006

Tonga

8.0

24

01/13/2007

East Kuril

8.1

294

04/01/2007

Solomon

8.1

323
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FIGURES

Figure 2.1 (a) The orientation of a fault plane relative to the direction of propagation of a

seismic wave is defined in terms of angles alpha ( α = 0-360° ) and theta ( θ = 0-90° ). (b)

δσ n , δτ s , and δτ d represent the stress changes caused by the passing of a seismic wave
in the normal, strike, and dip direction respectively on the fault plane.
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20-s Rayleigh Wave

20-s Love wave

(a)

(b)

Figure 2.2. Synthetic Rayleigh and Love waves, and related stress components for a coordinate

system with x1 component in the direction of propagation, and x3 in the depth direction.
The color represents the magnitude and direction of the stress. For normal stress, the red
color represents dilatation and blue represents compression. (a) (From top to bottom)
Synthetic vertical displacement representing a 20-s period Rayleigh wave, related particle
displacement, normal stress in the direction of wave propagation ( σ 11 ), normal stress in
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the vertical direction ( σ 33 ), shear stress ( σ 13 ). Note that σ 11 decreases with depth,
whereas σ 33 and σ 13 increase. (b) (From top to bottom) Synthetic transverse
displacement representing a 20-s period Love wave, related particle displacement, and
shear stresses ( σ 12 ) and ( σ 23 ). σ 12 decreases with depth whereas σ 23 increases.
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Figure 2.3. Example of the modeling of the dynamic stress that a Love wave, similar to that of

Figure 2.2(a), will cause on a plane of arbitrary orientation (α,θ) as defined in Figure 2.1,
for a depth D = 5 km and time = 5 s. δτ s (θ , α ) , δτ d (θ , α ) , and δσ n (θ , α ) represent the
contribution of the strike, dip and normal plane directions respectively. Notice that even
though the Love wave induces only shear stresses on a coordinate system with one
component in the direction of propagation and the other in the depth direction, the Love
wave will cause a change in the normal stress ( δσ n (θ , α ) ) on rotated planes, reaching a
maximum value for vertical planes (θ = 90º) striking 45º (α = 45º) from the direction of
propagation.
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Figure 2.4. An example of triggering potentials modeling. Values in Figure 2.3 were used to

calculate the potential of a 20-s period Love wave (similar to that in Figure 2.2(a)) to
triggered reverse, normal, left- and right-lateral faulting. In this example we used a depth
of 5 km, time equal to 5 s. (see figure 2.2(a)), and µ= 0.85. We plot only for α = 0-180
deg since there is a periodicity around α = 180 deg (in general α = 0-360 deg).
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Figure 2.5 (a)
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Figure 2.5(b)
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Figure 2.5. (a) Triggering potentials as function of fault plane orientation (α,θ) for a 20-s period

Love wave at 5 km depth. The upper row shows the potentials of the wave to trigger
reverse faulting for four key moments of the transverse motion: Negative-slope
inflection, minimum, positive-slope inflexion, and maximum points (columns from left to
right). Similarly, the second, third, and fourth rows are the potential to trigger normal,
left-lateral, and right-lateral strike-slip faulting respectively. The same analysis is
performed for four points of the vertical displacement of a 20-s period Rayleigh wave (b).
By modeling the Love and Rayleigh waves related stress we can understand why a wave
is more likely to trigger a specific kind of fault orientation over another, and why
triggering occurs at a specific moment in time.
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Figure 2.6. Australian Bowen region. Station CTAO.IU was used to identify dynamically

triggered events, local seismicity since 1992 is shown by yellow dots, some of the
possible triggered events are shown as blue circles, and average stress direction for the
reverse faults mainly present in this region (maximum principal stress axis) is shown by
red arrows.
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Figure 2.7. An example of identification of dynamic triggered events. (Top) Vertical

displacement at the Australian CTAO.IU station caused by the seismic waves from the
March 3rd 1998, Mw 8.1 Balleny Island event. (Middle) A 5 Hz high pass filter is applied
to identify the high frequency local events triggered by the passing of the seismic waves.
(Bottom) Magnification of a triggered event.
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(b)
Figure 2.8. Triggering potential for Rayleigh wave corresponding to reverse faulting and θ = 70º

as a function of time and α. (a) Maximum potential is reached at the negative inflection
point in the vertical displacement (first panel from left to right), where the maximum
occurs for waves arriving perpendicular to the strike of the fault planes (α = 0º). (b) Polar
diagram shows the overall potential (for the whole wave time cycle) as function of α.
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(b)
Figure 2.9. Triggering potential for Love wave corresponding to reverse faulting and θ = 70º as

function of time and α. (a) Maximum potential of the Love waves occurs at the inflection
points when waves arrive at 45º from the fault strike. (b) Polar diagram shows the overall
potential (for the whole cycle) as function of α.
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Figure 2.10. Figure shows the overlap of the Rayleigh wave’s triggering potential (shown in

green color) and the Love wave’s potential (blue) relative to the average local
compressive stress direction in the Bowen region (red arrows). Maximum potential is
reached by Love waves arriving at 45º from the local stress, meaning that these waves are
the most likely to trigger failure in the reverse faults present in this region.
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Figure 2.11. Histogram showing the distribution for the events found to have triggered

seismicity in the Bowen region (histogram with group intervals of 20º).
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Figure 2.12. Inset shows the triggering events epicenters (open circle) and their ray paths to the

Bowen region, along with the local compressional stress (red arrows) Figure shows the
overlap of the angular distribution of the observed triggering events (black bins) with the
predicted potentials (dark gray), and the average local stress for the reverse faults (red
arrows).
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CHAPTER 3
DYNAMIC STRESS MODELING FOR THE TRIGGERING OF NONVOLCANIC TREMORS BENEATH THE CENTRAL RANGE IN TAIWAN

3.1 ABSTRACT
Seismic waves can trigger seismicity at great distance from the causable event. Recent
studies have shown that the passing of seismic waves can trigger high frequency, low amplitude
seismic signals with no clear body wave arrivals that occur away from volcanic regions, known
as non-volcanic tremor (NVT). In this paper, we show how dynamic triggering of NVT can be
modeled using a simple frictional approach based on a Coulomb failure criterion. Our modeling
predicts the potential of a seismic wave to trigger slip on a fault plane promoting NVT. We
search for tremor in the Central Range in Taiwan triggered by surfaces waves for ten large (Mw ≥
7.5) earthquakes and compare the observations with our modeling. Four events triggered NVT:
the 2002 Mw 7.8 2002 Kunlun earthquake, the 2003 Mw 8.3 Hokkaido earthquake, the 2004 Mw
9.0 Sumatra-Andaman earthquake, and the 2005 Mw 8.7 Sumatra-Indonesia earthquake. The
orientation of the incoming waves appears to play a role in triggering, and both Rayleigh and
Love waves promote triggering. In the case of the Kunlun event, modeling shows that Love
waves promoted triggering, while for the Hokkaido and Sumatra events the Rayleigh waves
promoted triggering of the NVT. A change in the Coulomb stress of ~2 kPa appears to be
sufficient to trigger NVT in this region.
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3.2 INTRODUCTION
Recent studies have shown that seismic waves can remotely trigger seismicity thousands
of kilometers from an epicenter. This process is called dynamic. Dynamic triggering has been
clearly documented for several large earthquakes including the 1992 Landers (Mw = 7.3) (Hill et
al., 1993; Anderson et al., 1994;), the 2002 Denali Fault (Mw = 7.9) (Eberhart-Phillips et al.,
2003; Gomberg et al., 2004; Husen and Wiemer, 2004; Pankow et al, 2004; Prejean et al., 2004),
and the 2004 Sumatra (Mw = 9.15) (West et al., 2005; Velasco et al., 2008) earthquakes. Many
studies on dynamic triggering seismicity focus on the triggering of small earthquakes on
previously overstressed faults (e.g., Velasco et al., 2008). Recent studies have also demonstrate
that non-volcanic tremor (NVT) can be triggered by seismic waves as well (Obara, 2002; Nadeau
and Dolec, 2005; Miyazawa and Mori, 2006; Rubinstein et al., 2007; Gomberg et al., 2004;
Miyazawa and Brosky 2008; Peng et al., 2008; Peng and Chao, 2008). NVT is usually observed
in subduction zone and transform-fault environments away from volcanic regions, and it has a
unique seismic signature. NVT is characterized by long duration, no clear body wave arrivals,
and spectra depleted in high frequency energy compared with regular earthquakes with similar
amplitude. NVT is commonly related to “slow-slip” events,. Slow-slip generally occurs so
slowly that almost no seismic waves radiate. However, in some cases, slow-slip and tremor occur
as a coupled phenomenon, and thus is termed ‘Episodic Tremor and Slip’ (ETS) (e.g., Shelly et
al., 2006).
In this study, we develop a simple frictional approach based on a Coulomb failure
criterion that has been shown to work for dynamically triggered earthquakes (Chapter 2) and
apply this model to NVT. The model predicts the potential of a seismic wave to trigger slip on a
fault plane, and we apply this modeling to four NVT triggered events that were identified in the
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Central Range in Taiwan. The model appears to explain our observations. We found that the
orientation of the incoming waves appears to play a role in triggering, and that both Rayleigh and
Love waves promote triggering. A change in the Coulomb stress of ~2 kPa appears to be
sufficient to trigger NVT in this region.

3.3 IDENTIFICATION OF TRIGGERED NVT
The collision of the Eurasian continental margin and the Luzon Arc results in the creation
of the CR in Taiwan. Part of the deformation is consumed by lateral and thrust faulting along the
Longitudinal Valley fault in eastern Taiwan. The rest is accommodated by the fold-thrust belt
that forms the Western Foothills of the CR. Peng and Chao (2008) showed evidence of NVT
beneath the Central Range (CR) in Taiwan triggered by the 2001 Mw 7.8 Kunlun earthquake.
They hypothesized that NVT occurred on a weak basal detachment fault beneath the CR (Figure
3.1). The NVT location was calculated to be at 120.84º E ± 0.04 º and 23.10 º N ± 0.04 º
underneath the CR in a transition zone between the locked and creeping portion of the basal
detachment fault, and the depth is constrained at 19 ± 6 km. Peng and Chao (2008) suggests that
the NVT triggered by the 2001 Kunlun event occurred on the subhorizontal decollement below
the CR, so that the stress induced by the passing of the Love wave would result in southwest
movement of the upper CR relative to the underlying Eurasian plate and the Luzon Arc (Figure
3.1), promoting lateral motion compatible with the local tectonic stress (Yu et al., 1997).
Inspired by Peng and Chao (2008) work, we performed a search for instances of
dynamically trigged NVT in this region by other large earthquakes. We analyzed 10 events
occurring between 2001 and 2005, within a radius of 90 º from the CR, and with Mw ≥ 7.5,
(Table 3.1). We obtained three component seismograms from IRIS (Incorporated Research
Institutions in Seismology) for the stations of the Broadband Array in Taiwan for Seismology
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(BATS) shown in Figure 3.1. In order to identify NVT in the broadband spectrum of surfaces
waves, a high-pass filter at 5 Hz was applied. Besides the 2001 Kunlun earthquake, previous
study (Velasco, et. al., 2008) showed that three events have triggered NVT, the 2003 Hokkaido,
the 2004 Sumatra, and the 2005 Sumatra earthquakes, shown in bold in Table 3.1 (Figure 3.2).
We hypothesize that NVT occurred beneath the CR in the same place or near the NVT
triggered by the Kunlun earthquake. To address this, we calculate energy envelopes for all four
events at all stations where NVT was observed (Figure 3.3). The envelope function is generated
by taking envelopes of 5 Hz high pass filtered seismograms and smoothing using a moving
average of 200 samples. A strong move-out of the envelopes of the NVT signal is observed for
all stations that is similar between all events, suggesting that these signals are being generated at
near that same source. Furthermore, the strongest signals are generated at the nearest stations
(TBUP, TWGB) to the CR. We next model the stress caused by the passing of surface waves
from the large events on the plane where the NVT was located and calculated their potential to
trigger slip in the direction of the local stress, as described below.

3.4 FORMULATION OF THE MODELING
According to the Coulomb failure criterion, sliding on a fault plane will be promoted
when stress increases in the direction of the fault local shear stress, and/or in the normal direction
to the fault plane, unclamping the fault and facilitating shearing. For example, in Taiwan, local
tectonic stress acts in the fault plane strike direction. Consequentially, if passing surface waves
causes a change in this direction, say + δτ s , and/or in the normal direction unclamping the fault,
say + δσ n , sliding will be promoted. In such a case, the triggering potential, as defined by as the
change in the Coulomb failure function will be positive:
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P = ∆CFF = δτ s + µδσ n
3.1)
where µ is known as coefficient of internal friction. A stress change in the direction opposite to
the local shear stress ( − δτ s ) and/or in the normal direction ( − δσ n ) clamping the fault, will
move the fault away from sliding, and make the triggering potential (P) negative. Our goal is to
calculate the magnitude and orientation of the change in the fault plane shear and normal
stresses, caused by passing surface waves for triggered tremor events.
In general, the Rayleigh waves’ related maximum stress components are normal stresses
(compression/dilatation) in the radial direction ( τ RR ) and in the vertical direction ( τ ZZ ), and the
shear stress ( τ RZ ). Love waves generate only shear stresses ( τ RZ and τ TZ ). These stress
components can be grouped into a dynamic stress tensor, which can be rotated to the fault plane
to measure its contribution to the local shear and normal stress (Chapter 2), a contribution that
depends on the fault plane orientation. This is done for both waves and for every peak and
inflection point, then a quadratic interpolation is performed to represent the total potential as a
function of time.

3.5 STRESS MODELING AND OBSERVATIONS
Figure 1 shows the location of stations and NVT. Since station TPUB appears to be the
closest station to the NVT events, we model the ground displacement caused by the passing of
the Love and the Rayleigh waves (as recorded by TPUB station transverse and vertical
components, respectively) from the four large triggering earthquakes, and calculate the change
that this displacement caused in the fault plane shear ( δτ s ) and normal stress ( δσ n ). The
triggering potential (P), as defined in by equation 3.1, was then calculated. We correlate each
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observed NVT at a single station with calculated P, and estimate possible triggering mechanisms
for every triggered event.
5.5.1 THE 2001 MW 7.8 KUNLUN EARTHQUAKE

The November 14, 2001, Mw 7.8 Kunlun earthquake occurred in northeastern Tibet
along the western segment of the left-lateral Kunlun strike-slip fault system and produced a
surface rupture of ~400 km, with the fault plane dipping 61° to the south and a location 200 km
east of the rupture initiation (Ozacar and Beck, 2004). We model the transverse and vertical
displacement caused by the Love and Rayleigh waves generated by the Kunlun earthquake near
the CR and we calculate their contribution to the shear and normal stress, and triggering potential
(Figure 3.4). We choose the triggered fault plane orientation from Peng and Chao (2008). We
closely match the data with our synthetics (Figure 3.4), and show the changes in the shear and
normal stress caused by the Love wave and Rayleigh wave, plus the sum (labeled as total) of the
contributions by the two waves in the shear direction and the sum of the two contributions in the
normal direction. Figure 3.4 also shows the P, where δτ s is the total stress change in the shear
direction (strike direction), δσ n is the total stress change in the normal direction, and µ is the
coefficient of internal friction, we used µ= 0.1 for this region (Suppe, 2007). We plot a dashed
line to denote a possible threshold for the triggering potential of ~2 kPa, since in general, events
that reached this potential caused; such that seismic waves causing a potential greater than 2 kPa
are the most likely to trigger NVT on this fault plane.
For the Kunlun earthquake, the triggered NVT shows a good correlation with the
calculated potential, which is dominated by the Love waves. In particular, the triggering potential
reaches a maximum of ~25 kPa. Maximums in the triggering potential can be reached when the
total shear stress ( δτ s Total) peaks (Figure 3.4). In this case, the potential is mostly created by the
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shear stress since the contribution to normal stress ( δσ n Total) is relatively weak. This total shear
stress is caused almost entirely by the Love wave (as δτ s Rayleigh is almost negligible). Also,
the shear stress caused by Love wave peaks when the transverse displacement peaks. Love wave
amplitude diminishes with depth and this vertical gradient in displacement results in horizontal
shear in the displacement direction ( τ TZ ), as shown in Figure 3.5. Seismic waves from the
Kunlun earthquake arrive almost perpendicularly to the strike of the fault and the fault. Thus, the
change in the shear stress in the strike direction δτ s (and so the triggering potential) is almost
totally caused by the τ TZ component of the Love wave (as predicted by Peng and Chao, 2008).
3.5.2 THE 2003 MW 8.3 HOKKAIDO EARTHQUAKE

The September 25, 2003, Mw 8.3 Hokkaido earthquake was located about 60 km
offshore and occurred as the result of thrust-faulting on the plate interface between the overriding
North American plate and the subducting Pacific plate. NVT in Taiwan triggered by the
Hokkaido event also correlate with peaks in the triggering potential. In this case, a maximum
potential of ~10 kPa is reached (Figure 3.6) and there is a more equitable contribution to the total
normal ( δσ n Total) and total shear stress ( δτ s Total). Figure 3.6 also shows that total normal
stress correlates with the Rayleigh wave vertical displacement, since this part of the wave causes
large changes in the vertical and radial normal stress. However, the potential is in phase with the
shear stress because of the low contribution of the normal stress to the potential as a result of the
low value of coefficient of friction µ (0.1). The total shear stress is almost completely caused by
the Rayleigh wave (as δτ s is relatively low). Figure 3.6 also shows that Rayleigh wave shear
stress (and potential) correlates with the positive inflection points for the vertical displacement.
The negative inflection points for the Rayleigh wave correspond to positive inflection points in
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space. This part of the Rayleigh has a shear stress component acting on a horizontal plane in the
direction of propagation (Figure 3.7). The seismic waves from this event arrive almost parallel to
the strike of the fault plane ( τ RZ ). This stress component is thus likely responsible for the change
in the shearing in the strike direction and for the triggering.
3.5.3 THE 2004 MW 9.0 SUMATRA-ANDAMAN AND THE 2005 MW 8.7 SUMATRA-INDONESIA
EARTHQUAKES

The December 26, 2004 (Mw 9.0) Sumatra-Adams earthquake occurred as thrust-faulting
on the interface of the India plate and the Burma plate. The width of the earthquake rupture,
measured perpendicular to the Sunda trench, is estimated to have been about 150 km and the
maximum displacement on the fault plane was about 20 meters. This is the fourth largest
earthquake that has occurred since 1900 and is the largest since the 1964 Prince William Sound,
Alaska earthquake. The March 28, 2005 (Mw 8.6) Sumatra-Indonesia earthquake generated a
rupture length of about 500 kilometers. The epicenter was located approximately 200 km
southeast of the December 2004 epicenter.
In the case of both the 2004 earthquake (Figure 3.8) and the 2005 earthquake (Figure
3.9), the modeled triggering potentials correlate well with the NVT recordings. For the 2004
earthquake, the maximum potential is ~15 kPa, while for the 2005 event the maximum potential
was ~8 kPa. In both cases, a relatively equal contribution to the shear ( δτ s Total), and normal
( δσ n Total) stress was observed. As seen for the other events, the relatively low coefficient of
friction µ (0.1) causes the shear stress to be responsible for the triggering. Given the large
rupture length of the 2004 earthquake, the azimuth of the arrival phases is likely to vary by
several degrees. Nonetheless, the higher potential for the 2004 event results from the higher
ground displacement rather than azimuthal direction since both epicenters lie relatively close to
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each other. For both of these events, the Rayleigh waves appear to be responsible for the
triggering stresses; the shear stress (and potential) correlates with a positive inflection point in
the vertical displacement. These inflection points correspond to a negative inflection point in
space (Figure 3.10), which has a component of shear stress acting on a horizontal plane in the
negative direction of propagation ( − τ RZ ) and contributes efficiently to the fault shear stress δτ s .

3.6 DISCUSSION
For four of the ten large earthquakes that we investigated, we discovered triggered NVT
that we can model using simple Coulomb Failure criteria. From these events, we have shown that
the direction of the incoming wave and the wave type play an important role in the ability to
trigger earthquakes. Both Love and Rayleigh waves show potential for triggering earthquakes,
and can contribute to additional shear stress that may cause a fault close to failure to trigger.
Furthermore, the magnitude of the triggering stress appears to be important. To investigate this
more closely, we discuss the events that did not trigger.
Figure 11 shows the seismic waves and related potentials for the six large events for
which we did not find evidence of have triggered tremors beneath the CR in Taiwan. With the
exception of the Mw 7.6 2005 Pakistan earthquake, which reached a maximum triggering
potential of ~5 kPa (Figure 3.11), the triggering potential did not exceed 2 kPa. The Pakistan
event should show a similar mechanism as the Kunlun earthquake, since high potential was
manly due to Love waves arriving almost at the same direction as Love waves from Kunlun
earthquake. However, the triggering potential for the Kunlun earthquakes was five times higher
than for the Pakistan earthquake. Figure 3.12 shows the overlap of the potentials for the ten
events. Dark color denotes the non-triggering events, while light colors are used for triggering
events. In general, the threshold value for the triggering of tremors of 2 kPa matches our
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observations relatively well. We propose a threshold in the change in the Coulomb stress of 2
kPa which of the same order with threshold for the triggering of NVT in the Long Valley
Caldera (Brodsky and Prejean, 2005), and recent surveys of triggered tremor in Vancouver
Island (Rubinstein et. al., 2009) and Taiwan (Peng and Chao, 2008).
If we are able to model the triggering using simple Coulomb Failure criteria, this implies
that NVT is caused by movement along faults that are similar to typical earthquakes and are
close to failure. Slow rupture could be the only difference from high frequency failure; NVT are
shown to occur at depth where temperature and pressures are greater. For Taiwan, the original
location by Peng and Chao (2008) was 19 km, which they suggest it occurred below the
seismogenic zone. High confining pressures could play a role slowing slipping while high
temperatures could cause a low coefficient of friction which would allow a gradual realizes of
energy, opposite to earthquakes, where a rapid slip and high coefficient of friction cause a faster
release of energy.

3.7 CONCLUSIONS
Dynamic triggering of seismicity may occur when the surface waves pass through a fault
plane and change the fault’s local stresses in a suitable manner. We show that dynamic triggering
of NVT can be modeled based on a simple Coulomb frictional approach. We identified three
large events besides the 2001 Kunlun earthquakes that have had triggered NVT beneath the CR
in Taiwan: The 2003 Hokkaido, the 2004 Sumatra, and the 2005 Sumatra earthquakes. We
modeled the stress caused by the surface waves from ten large earthquakes to investigate the
stress conditions required to trigger NVT in this region. For the Kunlun earthquake, our
modeling shows that the orientation and magnitude of the incoming Love wave contributes to
increasing the fault plane local shear stress. In the cases of the Hokkaido and Sumatra
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earthquakes, the orientation and magnitude of the incoming Rayleigh waves contribute to the
shear local stress. In general, NVT correlates with peaks in our modeled triggering potential, and
we suggest that a minimum threshold of ~2 kPa must be reached to trigger NVT.
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TABLES

Table 3.1 List of events used in this study. Triggering events are denoted by bold type.

Event

Date

Time

(year mo day)

(hr min sec)

Kunlun, China

2001 11 14

09:26:10

35.946

90.541

7.8

Mindanao

2002 03 05

21:16:09

6.03

124.24

7.5

New Guinea

2002 09 08

18:44:26

-3.228

142.87

7.6

Irian, Jaya, Indonesia

2002 10 10

10:50:20

-1.707

134.165

7.6

Denali Fault, AK

2002 11 03

22:12:41

63.52

-147.53

7.9

Hokkaido, Japan

2003 09 25

19:50:06

41.81

143.91

8.3

Macquarie Ridge

2004 12 23

14:59:03

-50.14

169.36

8.1

Sumatra-Andaman

2004 12 26

00:58:53

3.3

95.96

9.0

Sumatra-Indonesia

2005 03 28

16:09:36

2.074

97.013

8.7

Pakistan

2005 10 08

03:50:40

34.493

73.629

7.6
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Latitude Longitude Mw

FIGURES

Figure 3.1. Central Range (CR) region in Taiwan. (a) The inset shows the epicenters of the

large earthquakes used to investigate the triggering of NVT beneath the CR in
Taiwan. Red circles represent triggering events and blue circles non-triggering
events. Red star represents the location of tremor. Map shows location the BATS
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stations used to identify tremor hidden in the large events’ surface waves. (b) A
schematic cross-section of geological features in southern Taiwan along AA’ (as
defined in (a)). The red and blue color mark the locked and creeping portion of the
basal detachment fault, respectively, whereas the green color denotes the transition
zone where triggered tremor occurs. The direction of triggered lateral slip is defined
by circle symbols; Modified from Peng and Chao, (2008). Key for earthquakes in
inset: K01 – 2001, Mw 7.8 Kunlun, China; M02 – 2002, Mw 7.5 Mindanao; NG –
2002, Mw 7.6 New Guinea; I02 – 2002, Mw 7.6 Irian, Java, Indonesia; DFE – 2002,
Mw 7.9 Denali Fault; H03 – 2003, Mw 8.3 Hokkaido, Japan; MR – 2004, Mw 8.1
Macquarie Ridge; S04 – 2004, Mw 9.0 Sumatra-Andaman; S05 – 2005, Mw 8.7
Sumatra-Indonesia; P05 – 2005, Mw 7.6 Pakistan.
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Figure 3.2. Vertical-component, broadband displacement waveforms recorded at seismic

station TPUB in Taiwan for four large earthquakes that triggered NVT (2003 Mw 8.1
Hokkaido, 2001 Mw 8.1 Kunlun, 2004 Mw 9.2 Sumatra, and 2005 Mw 8.5 Sumatra).
The top traces are unfiltered displacement seismograms, and the bottom traces are
high pass filtered. Note the triggered NVT in the high pass filtered (at 5 Hz) traces
that correspond to the passing surface waves.
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Figure 3.3(a)
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Figure 3.3(b)
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Figure 3.3(c)
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Figure 3.3(d)
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Figure 3.3. Record sections of envelope functions showing the move-out of the tremor signal

triggered by four large earthquakes: 2003 Mw 8.1 Hokkaido (a), 2001 Mw 8.1
Kunlun (b), 2004 Mw 9.2 Sumatra (c), and 2005 Mw 8.5 Sumatra (d). The dashed
lines mark the S-wave (tremor velocity) travel time based on a 1D velocity model
(Chen et al., 2001). Lower panels show the tremor as observed at the nearest station
(TPUB).
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Figures 3.4 Top panel – Transverse and vertical displacements caused by passing of the

Love and Rayleigh waves (respectively) caused by the 2001 Mw 7.8 Kunlun, China
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earthquake at TPUB station. Blue dashed lines represent the synthetic displacements
used to calculate stress. Middle panel – From top to bottom, changes in the shear
( δτ s Love) and normal ( δσ n Love) stress caused by the Love wave; changes in the
shear ( δτ s Rayleigh) and normal ( δσ n Rayleigh) stress caused by the Rayleigh wave;
and total change in the shear ( δτ s Total = δτ s Love+ δτ s Rayleigh ) and normal
( δσ n Total = δσ n Love+ δσ n Rayleigh ) stress. Lower panel – Shows the triggering
potential P as defined by equation 1 calculated with the total stress change and a
µ=0.1, suggested threshold of 2 kPa for the triggering of NVT (dashed line), and 5 Hz
high pass filtered vertical displacement revealing the NVT. In this case, shear stress
caused by the Love waves seems to be the responsible for triggering (as describe in
Figure 3.5).
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Figures 3.5 Triggering mechanism proposed for the 2001 Mw 7.8 Kunlun earthquake. In this

cases, stress modeling shows a large contribution of Love wave to the local shear
stress (Figure 3.6). Figure shows Love vertical (Z) and radial (R) direction of
propagation. Love wave related stress component τ TZ caused by the decrease in
displacement with depth, acts in approximately the same direction as the fault local
shear stress (strike direction as defined by circle symbols) adding shear stress ( δτ s ) in
this direction and promoting sliding.
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Figures 3.6 Top panel – Transverse and vertical displacements caused by passing of the

Love and Rayleigh waves (respectively) caused by the 2003 Mw 8.3 Hokkaido,
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Japan earthquake at station TPUB. Blue dashed lines represent the synthetic
displacements used to calculate stress. Middle and lower panels, same as shown in
figure 3.4. In this case, shear stress caused by the Rayleigh waves seems to be the
responsible for triggering (see text for details).
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Figures 3.7 Triggering mechanism proposed for the 2003 Mw 8.3 Hokkaido, Japan

earthquake. In this cases stress modeling shows a large contribution of Rayleigh wave
to the local shear stress (Figure 3.6). Figure shows the Rayleigh wave vertical (Z) and
radial (R) direction of propagation. Because the Rayleigh wave arrives almost parallel
to the fault plane strike, the Rayleigh wave stress component, τ RZ , acts in
approximately the same direction as the fault local shear stress (strike direction as
defined by circle symbols), adding shear stress ( δτ s ) in this direction and promoting
sliding.
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Figures 3.8 Top panel – Transverse and vertical displacements caused by passing of the

Love and Rayleigh waves (respectively) caused by the 2004 Mw 9.0 SumatraAndaman earthquake at station TPUB. Blue dashed lines represent the synthetic
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displacements used to calculate stress. Middle and lower panels, same as shown in
figure 3.4. In this case, shear stress caused by the Rayleigh waves seems to be the
responsible for triggering (as describe in Figure 10).
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Figures 3.9 Top panel – Transverse and vertical displacements caused by passing of the

Love and Rayleigh waves (respectively) caused by the 2005 Mw 8.7 Sumatra–
Indonesia earthquake at TPUB station. Blue dashed lines represent the synthetic
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displacements used to calculate stress. Middle and lower panels, same as shown in
figure 3.4. In this case, shear stress caused by the Rayleigh waves seems to be the
responsible for triggering (as describe in Figure 3.10).
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Figures 3.10 Figure shows the Rayleigh wave vertical (Z) and radial (R) direction of

propagation. In this case stress modeling shows a high contribution of the Rayleigh
wave to the local shear stress. This contribution δτ s to the local shear stress (strike
direction as defined by circle symbols) can account for the Rayleigh wave related
shear stress component τ RZ , promoting sliding.

`
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Figure 3.11(a)

Figure 3.11(b)
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Figure 3.11(c)

Figure 3.11(d)
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Figure 3.11(e)

Figure 3.11(f)
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Figure 3.11 Top panel shows the transverse and vertical displacements caused by passing of

the Love and Rayleigh waves (respectively) for the non-triggering events: The 2002
Mw 7.5 Mindanao earthquake (a), the 2002 Mw 7.6 New Guinea earthquake (b), the
2002 Mw 7.5 Irian, Jaya, Indonesia earthquake (c), the 2002 Mw 7.9 Denali Fault
earthquake (d), 2004 Mw 8.1 Macquarie Ridge earthquake (e), and the 2005 Mw 7.6
Pakistan earthquake (f). Only in case (f) is the suggested triggered potential of 2 kPa,
all other events cause stress smaller than this threshold.
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Figure 3.12 Overlap of the potentials for the ten events shifted relative to the arrival of Love

waves. Dark colors represent the non-triggering events, while light color is for
triggering events. In general, a threshold value for the triggering of tremors of 2 kPa
describes our observations.
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CHAPTER 4
DYNAMIC STRESS FOR TRIGGERED EVENTS IN UTAH FROM
THE 1992 LANDERS AND THE 2002 DENALI EARTHQUAKES

4.1 ABSTRACT
Dynamic triggering occurs when the surface waves from large earthquakes
change the stresses conditions on previously overstressed faults, promoting failure. In this
study, we present our modeling of the dynamic stress that triggered two events in Utah, one
triggered by the 1992 Landers earthquake and the other by the 2002 Denali Fault earthquake.
The two triggered events show similar, well constrained, normal focal mechanisms. This
allows a direct comparison of the normal and shear stress generated by the triggering events.
We model the dynamic stress based on the particle motion of the Rayleigh and Love waves,
which we rotate to the triggered fault plane to quantify the normal and shear stress. The
change in the Coulomb stress function is calculated to compare the triggering potentials of
the two large events. We show how dynamic stress modeling can be used to discriminate
between the two axial planes of a first motion focal mechanism of a dynamically triggered
event. We find that the waves from the Denali earthquake caused a change in the Coulomb
stress about twice as large as the change caused by the Landers earthquake on a fault
triggered by the Denali earthquake.
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4.2 INTRODUCTION
According to the Elastic Rebound Theory (Reid, 1910), plate tectonic forces cause a
gradual build up of stress, slowly distorting the crust of the Earth. Eventually, a fault cannot
resist the strain any longer and fails. Studies have showed that secondary events such as Earth
tides (Cochran et al., 2007), volcanic activity (Das and Scholz, 1981; Harris, 1998; Freed, 2005;
Steacy et al., 2005), and other earthquakes (Hill et al., 1993; Anderson et al., 1994; EberhartPhillips et al., 2003; Gomberg et al., 2004; Husen et al., 2004; Pankow et al., 2004; Prejean et al.,
2004; West et al., 2005; and Velasco et al., 2008), can add stress to a fault plane, triggering or
promoting failure. Two of the most studied large earthquakes that triggered seismicity at large
distance are the 28 June 1992 (Mw = 7.3) Landers, California earthquake (Hill et. al., 1993;
Anderson et al., 1994; Bodin and Gomberg et al., 1994; Pankow et al., 2004) and the 3
November 2002 (Mw = 7.9) Denali Fault earthquake (DFE) (Gomberg et al., 2004; Husen et al.,
2004; Husker and Brodsky et al., 2004; Prejean et al., 2004). Both earthquakes ruptured strikeslip faults and both had significant directivity that strongly impacted the surface wave amplitude
in the directions of rupture (Velasco et al., 1992; Velasco et al., 2004). Seismicity caused by the
Landers earthquake seemed to occur preferentially in regions of magma-related geothermal fluid
flow or recent volcanic activity (Hill et al., 1993; Gomberg et al., 2001; Glowacka et al., 2002),
while seismicity triggered by the DFE does not correlate with volcanic or geothermal activity
(Gomberg et al., 2004). However, Velasco et al., (2008) showed that dynamic triggering is a
global phenomenon, independent of the tectonic region or geothermal environment.
Both the Landers and the DFE triggered seismicity in Utah (Pankow et al., 2004). The
DFE triggered a M 3.0 event near Salt Lake City, and the Landers earthquake triggered a M 4.0
event near Cedar City (Pankow et al., 2004). Figure 4.1 shows the location of the two triggered
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events in Utah (Pankow et al., 2004) and the location of the seismic stations used for this study.
Inset show location of the DFE and Landers earthquakes. To identify triggered events hidden in
the wave trains of large earthquakes, a high pass filter is applied to broadband seismograms
(Figure 4.1). As has been noted in other studies (e.g., Velasco et al., 2008), a time delay
sometimes exists between the passage of the large amplitude surface waves and triggered events.
Regardless, measuring the contribution that the surface waves generated by these large events
have in the triggered fault’s stress field can help us to understand the stress conditions are
necessary for an earthquake to occur.
Generally, Peak Dynamic Stress (PDS), which is a proportionality of the recorder peak
particle velocity, is used to measure triggering dynamic stress. Although this is useful for
understanding overall stress conditions, this one-dimensional value cannot quantify the real
change in the stress conditions on a triggered fault plane. This is because PDS is measured at the
surface, and no assumptions are made about the depth at which triggering occurs. Furthermore,
the change in stress conditions on a fault plane caused by a seismic wave is dependent on the
orientation of the plane relative to the direction of wave propagation, factors that are not inferred
from PDS measurements. In this study, we take the approach developed in Chapter 2 to model
the stress change caused by the passing of surface waves to closely investigate the two triggered
normal faults in Utah triggered by the DFE and the Landers earthquake. We found that the waves
from the DFE caused a change in the Coulomb stress that was about twice as large as the change
caused by the Landers earthquake on the possible fault plane triggered by DFE.
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4.3 DYNAMIC STRESS MODELING
According to the Coulomb criterion, sliding on a fault plane will be promoted when an
external event adds stress in the direction of the fault local shear stress, and/or in the normal
direction to the fault plane, unclamping the fault and facilitating shearing. For example, in our
case study, the triggering mechanism is normal, therefore, if the passing of surface waves causes
a change in the dip direction, say + δτ d , and/or in the normal direction unclamping the fault, say
+ δσ n , sliding will be promoted. In such a case, we can define the triggering potential by the
change in the Coulomb failure function (Chapter 2):

Potential = ∆CFF = δτ d + µδσ n

(1)

which will be positive when failure is promoted (where µ is known as the coefficient of internal
friction). The aim is to calculate the magnitude and orientation of the change in the fault plane
shear and normal stress caused by the passing of the surface waves.
Dynamic stress can be calculated based on the particle motion of the Rayleigh and Love
waves as a function of depth, wave frequency and amplitude at the surface, and elastic properties
of the media (Chapter 2). In general, the Rayleigh waves’ related maximum stress components
are normal stresses (compression/dilatation) in the radial direction τ RR and in the vertical
direction τ ZZ , and the shear stress τ RZ (where Z represents for vertical and R radial), while Love
waves generate only shear stresses τ RZ and τ TZ (T represents transversal). These stress
components are grouped into a dynamic stress tensor, which can be rotated to the fault plane to
measure its contribution to the fault plane local shear and normal stress. This is done for both set
of surface waves and for every peak and inflection point, and then a quadratic interpolation is
performed to represent the total potential as function of time (Chapter 3).
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4.4 STRESS MODELING AND OBSERVATIONS
The Landers and DFE exhibited both strike-slip mechanisms and they caused similar
ground motion and comparable PDS (~0.20 MPa) in the Utah region (Figure 4.2). Both events
triggered an earthquake with well defined normal focal mechanisms in this region (Pankow et al.,
2004). We model the dynamic stress responsible for the triggering. Since we do not know which
of the two possible axial planes defined by the first motion mechanism is the actual fault plane,
the stress caused by the passing of the surface waves is calculated for both axial planes.
In figures 4.3 and 4.5 the upper beach ball represents the focal mechanism triggered by
the DFE, whereas the lower beach ball represents focal mechanism triggered by the Landers
earthquake. In each of these figures black beach ball represents the event triggered by the
earthquake in inset. Figure 4.3 shows the maximum potentials caused by the passing of surface
waves generated by the DFE on both focal mechanisms. These potentials and stress components
are presented in figure 4.4 as a function of time. Similarly, figure 4.5 shows the maximum
potentials caused by the passing of the surfaces waves generated by the Landers event, and figure
6 shows these potentials and stress components as a function of time.
4.4.1 EVENT TRIGGERED BY THE 2002 DENALI FAULT EARTHQUAKE

The event triggered by the DFE (upper beach ball in figures 4.3 and 4.5) occurred ten
years after the passing of the surface waves from the Landers earthquake. Why this local event
was not triggered by the Landers earthquake but was triggered by the DFE, even though the PDS
in the region was essentially the same for both events? In addition to other factors, such as the
increase/decrease in the tectonic stress accumulated during the ten years between the two large
events, and the possible stress changes due to the occurrence of other large and small events near
this region, one factor that could favor the DFE over Landers for the triggering of this event is
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the orientation and magnitude of the stress generated by the surface waves relative to the plane
fault orientation.
The surface waves generated by the DFE caused a triggering potential equal to 0.44 MPa
for the plane dipping north or axial plane 1, and 0.62 MPa for the plane dipping south or axial
plane 2 plane (Figures 4.3 and 4.4), whereas the surface waves generated by the Landers event
caused a potential of 0.47 MPa for the plane 1 and 0.29 MPa for the plane 2 (Figures 4.5 and
4.6). Note that potential for plane 1 was higher for Landers than for the DFE, the event which
triggered this mechanism. If we assume that the local static stress was almost the same in this
region (no tectonic loading) during the passing of the waves from Landers and the DFE, we can
argue that axial plane 1 is less likely to be the actual fault plane, because this plane had already
previously experienced (during the Landers event) changes in the Coulomb stress (or potential)
greater that those caused by the DFE without failing. In other words, if plane 1 was the real fault
plane, and failure occurred because the stress caused by the DFE (Potential = 0.44 MPa)
overcame a threshold value for failure, then failure should have happened previously at the
passing of the waves from Landers which reached a higher stress value (Potential = 0.47 MPa).
On the other hand, if plane 2 is the real fault plane, we can see that it was not triggered by
Landers but by the DFE because the DFE caused about twice (Potential = 0.62 MPa) the
potential caused by Lander (Potential = 0.29 MPa).
4.4.2 EVENT TRIGGERED BY THE 1992 LANDERS EARTHQUAKE

The even triggered by the Landers earthquake showed normal focal mechanism with one
axial plane dipping west (plane 1) and the other dipping southeast (plane 2). The surface waves
generated by the Landers event caused a triggering potential of 0.59 MPa for plane 1 and 0.29
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MPa for plane 2 (Figures 4.5 and 4.6). Ten years later the waves generated by the DFE caused a
potential of 0.49 MPa on plane 1 and 0.35 MPa on plane 2. Note that the Landers event caused a
larger potential than the DFE for plane 1, and the DFE causes a larger potential than the Landers
event for plane 2. Following the logic of the previous example, we might say that plane 1 is the
real fault plane, since plane 2 underwent a potential caused by the DFE higher than the caused by
the Landers event without showing seismicity. However, in this case is more difficult to make
assumptions about which is the real fault plane. For example, it is possible that plane 2 was the
real fault plane, so that the passing of the surface waves generated by the Landers event triggered
failure in this plane releasing the accumulated local stress and that the stress build up on this
fault plane by the time when the DFE occurred could be not large enough to be triggered by the
DFE’s surface waves. On the other hand, the magnitude of the potential caused by the Landers
event on plane 1 (0.59 MPa) seems more consistent with the magnitude of the potential that we
assume to have triggered seismicity for the DFE event (0.62 MPa).

4.5 DISCUSSION
By modeling the change in the normal and shear stress on a fault plane caused by
dynamic stress, we can quantify more precisely the contribution of the distance event to the local
stress responsible for failure. Even though the PDS can be used to estimate the change in the
local stress, this change will be more related to planes orthogonal to the direction of wave
propagation. Stress thresholds can be calculated by modeling a large number of triggering and
non-triggering events acting on a fault plane. By quantifying the contribution in the local normal
and shear stress direction, dynamic triggering seismicity can be use as an indicator of the fault
strength.
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Although the delay observed in triggered events related to the arriving triggering waves is
difficult to explain using a frictional approach, a large change in the Coulomb stress represents
the potential of a wave to cause strain in a system, which can result in damage to fault’s contacts,
and consequently the weakening of the fault, accelerating failure.

4.6 CONCLUSIONS
We analyzed the dynamic stress caused by the passing of the surfaces waves from two
large events, the 1992 Landers earthquake and the 2002 DFE that triggered seismicity in Utah.
We modeled the stress that triggered two of the largest dynamically triggered events in this
region, both of which show a well-constrained normal fault mechanism. We showed how
dynamic stress modeling can be used to discriminate between the axial planes of a first motion
focal mechanism of a dynamically triggered event. In the case of the event triggered by the DFE,
the axial plane dipping south (plane 2) seems to be real fault plane. For the event triggered by the
Landers earthquake we cannot determine which is the real fault plane, however, the magnitude of
the stress change observed for the west dipping plane (plane 1) is greater and more consistent
with the amount of stress change in the first case study. The modeling of dynamic stress
triggering constitutes an important tool for understanding the stress conditions under which
earthquakes occur.
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FIGURES

Figure 4.1. Map shows location of normal events triggered in Utah by the 2002 Denali Fault

Earthquake (DFE) and the 1992 Landers earthquake and seismic stations used in this
study (triangles). The Landers event triggered a M 4.0 with a delay of 0.55 days near
Cedar City at a depth of 8.0 km. The DFE triggered a M 3.0 event with a delay of 4.6
days near Salt Lake City, at 7.4 km depth (Pankow et al., 2002). High pass filtered (at 5
Hz) vertical component seismograms from University of Utah seismic stations NMU
and JLU show the triggered events. Inset shows location of the DFE and Landers
earthquakes.
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Figure 4.2(a)

Figure 4.2(b)
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Figure 4.2. Seismic waves as recorded by the three component DUG seismic station (see

figure 4.1 for location). Transverse, radial and vertical components are showed for the
DFE (a), and the Landers earthquake (b).
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Figure 4.3. Black beach ball represents the earthquake triggered by the DFE and gray color

beach ball represents the earthquake triggered by the Landers event. Triggering
potentials for the surface waves generated by the DFE, on the two possible axial planes,
are shown for each focal mechanism.
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Figure 4.4(a)
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Figure 4.4(b)
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Figure 4.4. Dynamic stress caused by the surface waves generated by the DFE on the focal

mechanisms triggered by the DFE (a) and on the focal mechanisms triggered by the
Landers earthquake (b). Left panels show the stress caused on the axial plane defined as
‘plane 1’ and right panes for axial ‘plane 2’. From top to bottom, the upper panels
shows the stress caused by the Love waves in the dip, strike and normal direction;
stress caused by the Rayleigh waves in the dip, strike and normal direction, and the sum
of these components for every direction labeled as ‘total’ (i.e.‘ δτ s Total = δτ s Love +

δτ s Rayleigh’). Numbers inside parentheses at the left of each panel represent the
maximum stress (in MPa) reached for the corresponding component. Bottom panel
shows the change in the Coulomb failure function or triggering potential as defined by
equation 1 for normal faulting caused by the surface waves.
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Figure 4.5. Black beach ball represents the earthquake triggered by the Landers event and

gray color beach ball represents the earthquake triggered by the DFE. Triggering
potentials for the surface waves generated by the Landers event, on the two possible
axial planes, are shown for each focal mechanism.
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Figure 4.6(a)
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Figure 4.6(b)
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Figure 4.6. Dynamic stress caused by the surface waves generated by the Landers event on

the focal mechanisms triggered by the Landers (a) and on the focal mechanisms
triggered by the DFE (b). Left panels show the stress caused on the axial plane defined
as ‘plane 1’ and right panes for axial ‘plane 2’. See figure 4 for panels’ descriptions.
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